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Japan SeaSandy beach ecology has progressed rapidly with the emergence of several theories developed on the basis of
understanding of hydrodynamic and morphodynamic processes on sandy beach habitats. However, the
possible role of dynamic geophysical processes in the sediments remains poorly understood. The present
study aims to explore the role of such geophysical processes in the sediments in forming the habitat environ-
ment and how they inﬂuence the species distributions. We conducted sets of integrated observations and
surveys on intertidal and supratidal geophysical environments and the distributions of three amphipod
and isopod species at four exposed sandy beaches located on the Japan Sea coast of Niigata Prefecture,
Japan. The ﬁeld results combined with a series of laboratory soil tests demonstrate that suction governed
the variability of habitat environments observed, involving the degree of saturation, density, and hardness
of the cross-shore intertidal and supratidal sediments, depending on the severity of the suction-
dynamics-induced sediment compaction. While the observed species abundances were consistent with
existing theories relating to intertidal and supratidal species, the observed magnitudes of suction were
responsible for the distribution limits of the amphipods Haustorioides japonicus and Talorchestia brito and
the isopod Excirolana chiltoni manifested consistently throughout the different beaches. The results of
controlled laboratory experiments and ﬁeld tests further revealed three distinctive suction-induced
mechanisms, associated with their burrowing and physiology and the stability of the burrows. The novel
role of such suction-induced geophysical processes in forming the habitat environment and inﬂuencing the
species distributions may advance our understanding of sandy beach ecology in intertidal and supratidal
zones.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
Sandy beach ecology has progressed rapidly over the last decades,
on the basis of the knowledge that beach environments are character-
ized by three major factors, namely, tidal regime, sediment grain size,
and wave energy (Defeo and McLachlan, 2005; Schlacher and
Thompson, 2013). Among the several existing theories, the concept
that the large-scale community patterns involving species richness
and abundance are regulated by the hydrodynamic processes above
the sediments, as well as the associated morphodynamics, has gained+81 46 844 4577.
B.V. Open access under CC BY-NC-SA lwidespread support (Brazeiro, 2005; Defeo and McLachlan, 2005,
2011; Defeo et al., 2001; Jaramillo et al., 1993, 1995; Lastra et al.,
2006; McLachlan, 1990; McLachlan and Dorvlo, 2005). The allochtho-
nous subsidies of organic matter, sometimes in forms of macroalgal
wrack, are also known to affect the structure, organization and func-
tioning of macrofaunal assemblages (Dugan et al., 2003; Lastra et al.,
2006, 2010; Rodil et al., 2008), with a conclusion such that food supply
can overlap the ecological effect of physical variables, including beach
morphodynamics and sediment characteristics. Although a diversity
of macrofauna live in the sediments, the possible role of dynamic
geophysical processes in the sediments remains poorly understood.
Such knowledge is fundamental for a better understanding of the
mechanisms underlying the distributions of species within given
habitats.
Recently, Sassa andWatabe (2007) and Sassa et al. (2011) demon-
strated that the dynamics of suction, that is, negative pore water
pressure relative to atmospheric air pressure, in association withicense.
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Fig. 1. Study sites of the four sandy beaches: Yotsugoya, Tarodai, Tayuhama and
Gokahama beaches, located on the Japan Sea coast of Niigata Prefecture, Japan.
Table 1
Characteristics of the four sandy beaches. D50 represents the sediment median grain
size. Yotsugoya, Tarodai, Tayuhama and Gokahama beaches had different ranges of
sediment grain sizes and slopes which did not overlap in a given year. Salinities
depended on the locations relative to the river mouths (Fig. 1). Field observations
and surveys were conducted in October from 2009 to 2011, except for at Gokahama
and Tayuhama-east beaches, where they were conducted in November 2011. Values
of suction represent those at the level of the sediment surface (z = 0).
Beach Suction
(kPa)
D50 (mm) Beach face
slope
Water temp.
(°C)
Salinity
(psu)
Yotsugoya 2009 −1.8–5.7 0.176–0.209 1/13 18.8 34
Tarodai 2009 −0.3–10.3 0.228–0.300 1/11 18.6 31
Tayuhama 2009 −0.2–5.4 0.325–0.368 1/6 18.1 20
Yotsugoya 2010 −1.0–4.0 0.198–0.229 1/8 20.9 32.5
Yotsugoya 2011 −1.0–15.0 0.188 1/11 21.1 33.3
Tarodai 2011 −1.0–10.0 0.221–0.248 1/9 21.3 29.6
Gokahama 2011 3.2–10.5 0.249 1/14 14.7 28.6
Tayuhama-east
2011
3.0–14.2 0.355 1/8 14.8 17.3
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substantial role in controlling the geophysical environment of habi-
tats. Namely, the hardness of the surﬁcial intertidal sediments varies
by a factor of 20–50 due to suction development and suction-
induced void state changes in the essentially saturated states of inter-
tidal ﬂats and beaches (Sassa and Watabe, 2007; Sassa et al., 2011).
The suction-dynamics-induced compaction and associated variations
in shear strength of the sediments have also been shown to play a
crucial role in intertidal ﬂat sandbar morphodynamics (Sassa and
Watabe, 2009) and in forming the intertidal ﬂat stratigraphy of
sandy, muddy, and sand–mud layered sediments (Watabe and
Sassa, 2008). Understanding such salient geophysics involved in
intertidal sediments has led to ﬁeld and laboratory investigations of
the linkage between the geophysical environment and the burrowing
activities of the sand bubbler crab, Scopimera globosa (Crustacea:
Ocypodidae) (Sassa and Watabe, 2008), and of the bivalves Ruditapes
philippinarum and Donax semigranosus (Sassa et al., 2011), as well as
the foraging activity of the shorebird, Calidris alpina (Kuwae et al.,
2010).
Notably, the suction has been shown to govern the manifestation of
the suitable and critical conditions for the burrowing and foraging activ-
ities of diverse species as mentioned above (Kuwae et al., 2010; Sassa
and Watabe, 2008; Sassa et al., 2011). Also, Kajihara and Takada
(2008) showed in the laboratory that increasing groundwater level
prevented the burrowing of the amphipod Haustorioides japonicus
inhabiting intertidal beach sediments. These facts imply that the suc-
tion and related geophysical environmental conditions may have
an important contribution to habitat selections of macroinfauna in
intertidal zones (Sassa and Watabe, 2008). The present study aims
to test this prediction in a physically controlled environment, such
as exposed sandy beaches. This is accompanied by a conceptual
model to account for the variations of geophysical environment in
not only intertidal but also supratidal zones. Here, the supratidal
zones represent unsaturated sediments where the degree of saturation
decreases due to the development of suction with decreasing ground-
water level from the sediment surface (Cartwright et al., 2006; Sassa
and Watabe, 2007).
Although the mechanisms determining the distributions of species
in given habitats should be related to processes that occur on various
temporal and spatial scales (Defeo and McLachlan, 2005; James and
Fairweather, 1996), they still remain uncertain to date. In the present
study, we demonstrate a crucial role of suction in causing the varia-
tions of geophysical environment in sandy beach habitats and the dis-
tributions of three amphipod and isopod species in cross-shore
intertidal and supratidal zones. Our ﬁeld study and experimental
work, which focused on the role of the suction-induced geophysical
processes in the sediments in their behavior, physiology and distribu-
tions, highlight three distinct species-dependent mechanisms in
which suction plays a pivotal role.
2. Material and methods
2.1. Material
Our study sites were four sandy beaches, Yotsugoya, Tarodai,
Tayuhama, and Gokahama located on the Japan Sea coast of Niigata
Prefecture, Japan (Fig. 1). These four beaches had different ranges of
sediment grain sizes and slopes that did not overlap in any given
year (Table 1). The salinities depended on the locations relative to
the river mouths (Fig. 1). The mean tidal range was 0.3 m. We
performed ﬁeld surveys during spring low tides at Yotsugoya,
Tarodai, and Tayuhama beaches in October 2009, at Yotsugoya
beach in October 2010, at Yotsugoya and Tarodai beaches in October
2011, and at Gokahama and Tayuhama-east beaches in November
2011. In this area, macroalgal wrack on the beaches is minimum in
summer and fall, because macroalgal saplings are growing in theseseasons in addition to the prevalent offshore wind (Ikehara and
Sano, 1986). In fact, macroalgal wrack was absent at the ﬁeld surveys.
A trace of stranding debris was present on the beaches. Survey sta-
tions were set to avoid the debris in order to prevent any effects of
debris on the distribution of macroinfauna. Suctions varied substan-
tially in the cross-shore intertidal and supratidal zones (Table 1). It
is instructive to note that a major typhoon hit the Niigata coast in
September 2010, changing the beach morphology there (Table 1).
The amphipods, H. japonicus and Talorchestia brito, and the isopod
Excirolana chiltoni were the three dominant species inhabiting the
beaches described above. H. japonicus and E. chiltoni are intertidal
species, and are known to be important food organisms for coastal
ﬁsh (Kajihara and Takada, 2008; Kaneko and Omori, 2005; Suzuki et
al., 2013; Takahashi et al., 1999). Sandhoppers, such as T. brito, are
supratidal species, and have been used for behavioral and orientation
studies for many years (Branch and Branch, 1984; Pardi and Grasssi,
1955; Rossano et al., 2009; Scapini et al., 2002; Tsubokura et al.,
1997). Isopods of the genus Excirolana are found on exposed sandy
beaches worldwide (Bally, 1983; Brown and McLachlan, 1990).
These amphipod and isopod species also serve as the prey organisms
for shorebirds (Placyk and Harrington, 2004). The present survey
stations cover the entire range of the cross-shore distributions of
the three species in the intertidal and supratidal zones. The body
lengths of H. japonicus, E. chiltoni and T. brito that were collected for
the present study were in the ranges 5–8 mm, 3–7 mm, and
3–9 mm, respectively.
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2.2.1. Field observations
Relevant physical quantities that represent the geophysical states
of intertidal and supratidal sandy sediments can be described as
follows.
Suction, s, means the tension of moisture in the sediment (Bear,
1979) and is deﬁned by
s ¼ ua‐uw; ð1Þ
where ua is the atmospheric air pressure, and uw is the pore water
pressure in the sediment. By deﬁnition, suction is equal to zero at
the groundwater level.
The void state of the sediment is represented by void ratio e,
which is related to the sediment porosity n:
e ¼ n
1‐n
: ð2Þ
The state of sediment packing, such as dense or loose, can be de-
noted by the sediment relative density Dr:
Dr ¼
emax‐e
emax‐emin
: ð3Þ
For a given sediment, the maximum void ratio emax represents the
loosest possible packing, and the minimum void ratio emin represents
the densest possible packing (Lambe and Whitman, 1979). Thus, the
Dr value is a normalized index by which to assess the packing states
of sandy sediments.
The hardness of surﬁcial intertidal sediments can be assessed by
the vane shear strength (Amos et al., 1988; Kuwae et al., 2010;
Sassa and Watabe, 2007, 2008; Sassa et al., 2011). This method can
evaluate the sediment hardness in an in-situ undisturbed state by
inserting a very thin vane blade into the surﬁcial sediment and mea-
suring the maximum resistance τ* of the sediment to horizontal
shearing when rotating the vane blade (Fig. 1 of Sassa et al., 2011).
Sediment hardness as assessed by the vane shear strength τ* has
been shown to govern the development of burrows of sand bubbler
crabs (Sassa and Watabe, 2008) and the burrowing criteria and
burrowing mode adjustment in bivalves at intertidal ﬂats and
beaches (Sassa et al., 2011), and to be closely linked with the foraging
mode shift exhibited by shorebirds (Kuwae et al., 2010).
We conducted integrated ﬁeld surveys of the geophysical environ-
ment and macrofaunal distributions at the four exposed sandy
beaches of Yotsugoya, Tarodai, Tayuhama, and Gokahama from 2009
to 2011 during the spring low tides as described in the former subsec-
tion. In order to conﬁrm and extend the functional dependence of the
geophysical environment on suction (Sassa and Watabe, 2007; Sassa
et al., 2011) on these sandy beaches, we measured the distributions
of suction and hardness of the surﬁcial sediments at 1 to 2 m intervals
along the cross-shore survey transects of the beaches. Suctions were
measured using tensiometers (Sassa and Watabe, 2007, 2008; Sassa
et al., 2011), and vane shear strengths were measured using a com-
pact vane shear testing apparatus with intersecting vane blades of
20 mm width, 40 mm depth, and 0.8 mm thickness (Kuwae et al.,
2010; Sassa and Watabe, 2007, 2008). At each location, we collected
undisturbed samples of surﬁcial sediment of 60 mm diameter and
50 mm thickness in duplicate by following the procedures described
in Sassa and Watabe (2007). The sediment samples were subjected
to a series of laboratory soil tests to determine their grain size dis-
tributions, water content w, speciﬁc gravity of the sand particles Gs,
void ratio e, sediment relative density Dr, and degree of saturation
Sr = Gs·w/e.At each station of the geophysical measurements described above,
we took four core samples of 100 mm diameter and 100 mm thick-
ness to obtain the cross-shore distributions of H. japonicus and
E. chiltoni at Yotsugoya, Tarodai, and Tayuhama beaches. We also
set four square units of 200 mm × 200 mm there to count the num-
ber of burrows created by T. brito at Yotsugoya, Tarodai, Tayuhama,
and Gokahama beaches. We compared the density distributions
(mean ± SE) of H. japonicus, E. chiltoni, and T. brito with the corre-
sponding geophysical environment at the beaches. One-way analysis
of variance (ANOVA) was used for the statistical analysis.
Possible differences in environmental variables (grain size, slope,
and suction) between stations with and without each of the three
species were tested by Welch's one-way ANOVA. Data obtained in
the 2009 survey carried out at Yotsugoya, Tarodai, and Tayuhama
was used in the analysis.
2.2.2. Laboratory experiments
In conjunction with the ﬁeld work described above, we performed
three types of controlled laboratory experiments to examine the
burrowing and physiological (survival) responses to the different
geophysical environmental conditions manifested at the beaches.
Speciﬁcally, we simulated and reproduced different suctions below
and above those at the observed distribution limits of the species in
the ﬁeld, and we investigated their responses as stated above.
It may be important here to note that the prescribed range of
variation in suction around that at the distribution limit of each
species was determined on the basis of the observed sensitivities of
the responses of different species to the variations in suction. That is
to say, previous results of controlled laboratory experiments and
ﬁeld studies demonstrated that substantial changes in the species
responses, preventing their normal burrowing activity, burrow devel-
opment or foraging activity, took place when the ranges of the suction
variation were of the order of 0.3 kPa for the bivalve D. semigranosus
(Sassa et al., 2011), 0.7 kPa for the shorebird C. alpina (Kuwae et al.,
2010), 1 kPa for the amphipod H. japonicus (Kajihara and Takada,
2008), and 2 kPa for the sand bubbler crab S. globosa (Sassa and
Watabe, 2008). This knowledge led to the prescribed range of the suc-
tion variation equal to 2 kPa for each of the present laboratory exper-
iments. The corresponding experimental procedures are described
below.
In the ﬁrst type of experiment, we mixed water with air-dried
Yotsugoya sand in a 63 μm sieve andmeasured the suction in the sed-
iment using a tensiometer as used in the ﬁeld (Sassa and Watabe,
2007, 2008; Sassa et al., 2011). Speciﬁcally, at the initial stage of
this procedure, the essentially dry sediments had suctions of the
order of 20 kPa or higher. Then, a certain amount of water was
added and mixed well with the moist sand, which resulted in a
lower suction. This procedure was repeated until two different
targeted suctions, namely, 4 kPa and 6 kPa, were obtained in the
two sediments, as shown in Table 2a. We then placed twenty individ-
uals of acclimated E. chiltoni that were taken from Yotsugoya beach
on each of the two sediments. All of the E. chiltoni immediately
started digging and burrowed in the sediments. The sediments
containing E. chiltoniwere kept in an incubator under a constant tem-
perature of 20 °C. The measured humidity was 75%. We examined the
survival of E. chiltoni in each of the two sediments after 8 h of the
experiment.
In the second type of experiment, we prepared two sets of cylindrical
deposits using the Yotsugoya sand and set each deposit in a larger water
tank by following the experimental procedures of Sassa and Watabe
(2008). Two different suctions were prescribed, namely, 2 kPa and
4 kPa (Table 2b), at the level of the sediment surface, z = 0, by imposing
the groundwater levels z = −200 mm and−410 mm, respectively. It
may be instructive here to note that in the essentially saturated states,
a linear relationship holds true between the suction and the groundwa-
ter level with the gradient equal to the unit weight of water, γw (Sassa
Table 2
Protocol for three types of laboratory experiments. Experiment (a) targeted the phys-
iological responses (survival) of E. chiltoni, and experiments (b) and (c) respectively
targeted the burrowing capability and burrow formation of T. brito, for two different
suctions in each type of experiment. Experiment durations were 8 h for E. chiltoni
and 2 h for T. brito. Air temperatures were 20 °C for E. chiltoni and 25–27 °C for T. brito.
(a) Excirolana chiltoni
Suction
(kPa)
No. of individuals
used
Body length
(mm)
No. of individuals
that survived
4 20 2.9–6.9 20
6 20 3.1–6.7 0
(b) Talorchestia brito
Suction
(kPa)
No. of individuals
used
Body length
(mm)
No. of individuals
that burrowed
2 20 3.6–5.8 0
4 20 3.8–6.3 20
(c) Talorchestia brito
Suction
(kPa)
No. of individuals
used
Body length
(mm)
No. of burrows
formed
9 20 3.4–8.1 20
11 20 2.5–8.8 0
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the level of the sediment surface when the groundwater level is set to
be equal to −s/γw = −200 mm. In the unsaturated states, however,
the above relationship deviates from the linear relationship, yielding
s = 4 kPa against the groundwater level of z = −410 mm for the sed-
iment concerned. The groundwater levels were then varied cyclically,
with the amplitudes equal to 200 mm and 410 mm respectively, to sim-
ulate the suction-dynamics-induced compaction and strengthening of
the sediments, as induced by swashes and tides in the ﬁeld. This proce-
dure reproduced the observed ranges of the sediment hardness for the
two different suctions. Then, we placed twenty individuals of T. brito
that were taken from Yotsugoya beach on each of the two sediments
and examined whether or not they burrowed in the sediments during
a two hour period under air temperatures of 25 to 27 °C.
In the third type of experiment, wemixed a small amount of water
with the air-dried Yotsugoya sand in a 63 μm sieve and measured the
suction in the sediment, following the manner as described above.
This procedure was repeated until two different suctions, namely,
9 kPa and 11 kPa, were obtained in the two sediments, as shown in
Table 2c. We then placed twenty individuals of T. brito that were
taken from Yotsugoya beach on each of the two sediments and exam-
ined whether or not they formed burrows during a two hour period
under air temperatures of 25 to 27 °C.0
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Fig. 2. Variations of (a) degree of saturation, (b) relative density, and (c) vane shear
strength with suction in the exposed sandy beaches. Data in (a) and (b) represent
mean values ± SE. The smaller panels represent a conceptual model to account for
the variations of the habitat geophysical environment. Here, saev denotes the
air-entry suction of the sediments above which the sediments become unsaturated.3. Results
3.1. Laboratory experiments
The results of the three types of suction-controlled laboratory
experiments are summarized in Table 2.
In the ﬁrst type of experiment on E. chiltoni, the twenty individuals
were all alive when s was 4 kPa; however, they were all dead when s
was 6 kPa. In the second type of experiment on T. brito, when s was
2 kPa, the twenty individuals all remained on the sediment surface,
where some of them attempted to burrow but failed. In contrast,
when s was 4 kPa, the twenty individuals all burrowed into the
sediment.
In the third type of experiment on T. brito, all twenty individuals
formed burrows when swas 9 kPa, whereas no burrows were formed
when s was 11 kPa.3.2. Field observations
There were both saturated and unsaturated zones in all of the
exposed sandy beaches (Fig. 2a). Indeed, the degrees of saturation Sr
were essentially equal to 100% where the suctions developed were
low in all of the exposed sandy beaches. However, the degree of satu-
ration Sr started to decrease at locations where the suction developed
beyond a certain value for a given sandy beach. This threshold value
is known as the air-entry suction saev (Fredlund and Rahardjo, 1993),
which increases for ﬁner and denser sediments. Note here that the sed-
iment grain sizes were coarser and the beach face slopes were steeper
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Fig. 3. Variations of the densities of (a)H. japonicus, (b) E. chiltoni, and (c) T. britowith suc-
tion in the exposed sandy beaches. Field surveys were performed during spring low tides.
Data represent mean values ± SE. Here, n = 4 at each location where suction was mea-
sured in the cross-shore transects of the intertidal and supratidal zones of the beaches.
340 S. Sassa et al. / Journal of Sea Research 85 (2014) 336–342from Yotsugoya to Tarodai to Tayuhama beaches (Table 1). The Sr value
decreased to as low as 10% where the developed suctions were over
6 kPa.
Such water retention states proved to be closely linked with the
states of voids and the hardnesses of the surﬁcial sediments (Fig. 2b,
c). Speciﬁcally, among locations where the sediments remained essen-
tially saturated with s ≤ saev, the sediments became denser, namely,
the Dr-value increased markedly, where higher suctions developed.
Accordingly, the sediment hardnesses became 10- to 20-times higher
than those at locations where suctions were equal to zero, for all the
beaches. For instance, at Yotsugoya beach, the sediment relative density
Dr increased to over 90%, and the sediment hardness increased
beyond 20-fold magnitude where suction developed to 3 kPa. In con-
trast, in the unsaturated zones with s N saev, both the sediment relative
densities and hardnesses decreased rapidly with further increases in
suction. Indeed, where suction developed over 10 kPa, the sediments
became extremely soft and loose, with Dr below 5%.
Comparisons between the stations with or without each of the
three species showed that the sediment grain sizes and slopes were
not different signiﬁcantly (Table 3). On the other hand, suction
showed signiﬁcant differences for H. japonicus and T. brito, and a
marginally signiﬁcant difference for E. chiltoni.
There were signiﬁcant variations in the density of H. japonicus
with changes in the geophysical environment, measured as suction
s, in all three exposed sandy beaches during a three-year period, as
shown in Fig. 3a (F10, 33 = 10.02, p b 0.0001 for Y2009; F9, 30 =
12.52, p b 0.0001 for Tar2009; F5, 18 = 20.69, p b 0.0001 for
Tay2009; F7, 24 = 5.03, p = 0.0012 for Y2010; F22, 69 = 67.98,
p b 0.0001 for Y2011; F12, 39 = 9.21, p b 0.0001 for Tar2011).
H. japonicus were found in the intertidal zones where suction was
between 0 and 2 kPa. However, H. japonicus became absent where
suction exceeded 2 kPa in all three different beaches from 2009 to
2011. The abundance varied among beaches and years. For instance,
the peak abundance decreased signiﬁcantly where the sand grains
became coarser and the beach face slopes became steeper, namely,
from Yotsugoya to Tarodai to Tayuhama beaches (F2, 9 = 5.76,
p b 0.05). The abundance also decreased signiﬁcantly from 2009 to
2010 at Yotsugoya beach after the major typhoon hit the coast in
2010 and changed its morphology (F1, 6 = 6.54, p b 0.05).
The densities of E. chiltoni showed signiﬁcant variationswith suction
in two different exposed sandy beaches from 2009 to 2011 (F10, 33 =
7.69, p b 0.0001 for Y2009; F9, 30 = 7.33, p b 0.0001 for Tar2009;
F7, 24 = 5.77, p b 0.001 for Y2010; F22, 69 = 7.95, p b 0.0001 for
Y2011; F11, 36 = 3.93, p b 0.001 for Tar2011), except for Tayuhama
in 2009 where the density was too low to be statistically signiﬁcant
(Fig. 3b). E. chiltoniwere found in zones where suction was between 0
and 5 kPa. However, E. chiltoni became absent where suction exceeded
5 kPa in all three different beaches. The abundance of E. chiltoni differed
between beaches and followed the same general trend observed for
H. japonicus, although the morphodynamics did not signiﬁcantly affect
the abundance of E. chiltoni (F1, 6 = 1.96, p = 0.2).
The densities of T. brito showed signiﬁcant variations with suction
in all four exposed sandy beaches shown in Fig. 3c (F22, 69 = 11.12,Table 3
Comparison of the environmental variables between stations with and without the three s
survey was used. D50 values were analyzed in the phi-scale.
N D50 (phi)
Mean SD F p
Haustorioides japonicus Present 10 1.950 0.326
Absent 13 2.034 0.394 0.312 0.583
Excirolana chiltoni Present 12 1.946 0.395
Absent 11 2.054 0.328 0.51 0.483
Talorchestia brito Present 7 2.052 0.381
Absent 16 1.974 0.361 0.213 0.653p b 0.0001 for Y2011; F12, 39 = 20.89, p b 0.0001 for Tar2011;
F9, 30 = 7.97, p b 0.0001 for Tay2011 F8, 23 = 8.54, p b 0.0001 for
Go2011). T. brito were found in zones where suction was between 3pecies. Results of Welch's one-way ANOVA are also shown. Data obtained in the 2009
Slope (degree) Suction (kPa)
Mean SD F p Mean SD F p
5.64 1.90 0.700 0.622
6.00 2.08 0.187 0.670 4.768 2.173 41.198 b0.001
6.42 2.30 2.056 1.315
5.22 1.37 2.349 0.143 4.028 3.352 3.336 0.091
5.39 1.70 5.765 2.243
6.04 2.09 0.629 0.441 1.789 1.761 17.329 0.002
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lower than 3 kPa or exceeded 10 kPa in all four beaches. The peak
abundance of T. brito increased signiﬁcantly toward coarser sands
and steeper beach face slopes, namely, from Gokahama to
Tayuhama-east beaches (F1, 6 = 7.71, p b 0.05), whereas there was
no signiﬁcant difference in the abundance in Yotsugoya and Tarodai
beaches, whose beach characteristics were similar (F1, 6 = 0.14,
p = 0.7).
4. Discussion
4.1. Variations of geophysical environment in sandy beach habitats
The observed general characteristics of variations in the geophysical
environment can be summarized by and consistently explained using a
conceptual model shown in Fig. 2. Namely, the tide- and swash-
induced suction dynamics bring about distinct cyclic elastoplastic
sediment contraction (Sassa and Watabe, 2007), giving rise to the
marked increase in hardness of the cyclically exposed yet saturated
sediments, the magnitudes of which depend on the severity of the
suction dynamics ensuing there (Sassa and Watabe, 2007; Sassa et al.,
2011). Since the suction-dynamics-induced sediment compaction be-
comes less pronounced and weaker as the sediments become unsatu-
rated (Sassa and Watabe, 2009), the effects eventually vanish in their
dry states.
Overall, the above results and discussion demonstrate that a
suction level around the air-entry suction of the sediments governs
the observed marked variations in the habitat geophysical environ-
ment of the exposed sandy beaches. In other words, suction governs
various geophysical states of sandy beach sediments, such as hard-
ness, compaction, and moisture, which were assessed separately in
most previous studies (e.g. Brown and McLachlan, 1990; Defeo and
Gomez, 2005; Hewitt et al., 2003; Hsu et al., 2009; Lozoya et al.,
2010; Pavesi et al., 2007). Hence, measurement of suction is primarily
useful to characterize the cross-shore environmental gradient in in-
tertidal and supratidal zones on exposed sandy beaches.
4.2. Distribution mechanisms of H. japonicus, E. chiltoni and T. brito
The observed beach-dependent characteristics of the species
abundance are consistent with the existing theories, as represented
by the swash exclusion hypothesis (SEH: McLachlan et al., 1993)
and the habitat harshness hypothesis (HHH: Defeo et al., 2001) for
intertidal species and the habitat safety hypothesis (HSH: Defeo and
Gomez, 2005) for supratidal species. Indeed, the abundance of inter-
tidal species, H. japonicus and E. chiltoni, decreased, whereas the
abundance of the supratidal species increased, with coarser sand
grains and steeper beach face slopes. It should be remarked here
that the presence of algal supply, dune system, sea-walls, and anthro-
pogenic disturbance could potentially modify the distribution
patterns of sandy beach macroinfauna especially for supratidal species.
(Dugan and Hubbard, 2006; Dugan et al., 2003; Lucrezi and Schlacher,
2010; McLachlan, 1991).
The cross-shore distributions of the observed species, however,
were not consistent with the sediment grain sizes and slopes, which
differed among the beaches and did not overlap (Table 1), while the
species manifested throughout the different beaches. Notably, the
observed distributions of the three species were determined by the
suctions of the sediments. This is consistent with a previous general
prediction that the suction may have an important contribution to hab-
itat selections of macroinfauna in intertidal zones (Sassa and Watabe,
2008), on the basis of the facts that the suction is responsible for the
manifestation of suitable and critical conditions for the activities of
diverse species in intertidal sandy ﬂats and beaches (Kuwae et al.,
2010; Sassa and Watabe, 2008; Sassa et al., 2011).Below we discuss such suction-particular mechanisms behind the
distributions of H. japonicus, E. chiltoni and T. brito.
H. japonicus inhabit the intertidal zone where the sediments
remained essentially saturated with Sr ≈ 100%, yet the sediment
hardness increased considerably, beyond ten- to twenty-fold magni-
tudes, depending on the magnitude of the suction (Figs. 2, 3a). Such
increased sediment hardness was closely linked with a critical condi-
tion for the burrowing activity of H. japonicus. Indeed, Kajihara and
Takada (2008) conducted a series of laboratory experiments on
H. japonicus using the Yotsugoya sand and showed that their
burrowing activity was prevented when the groundwater level
reached −100 mm, corresponding to a suction of 1 kPa at the sedi-
ment surface. These experimental results are consistent with the
above ﬁeld results showing that the abundance of H. japonicus de-
clined rapidly where the value of suction exceeded 1 kPa, eventually
reaching zero at s = 2 kPa (Figs. 2, 3a).
E. chiltoni inhabit both saturated and unsaturated sediments in the
exposed sandy beaches (Figs. 2 and 3b), where the sediment hard-
ness peaked and decreased rapidly where the suctions exceeded the
air-entry suctions of the sediments. Indeed, E. chiltoni were abundant
where the sediment hardness peaked, indicating that the sediment
hardness did not constrain the burrowing activity of E. chiltoni
(Figs. 2c and 3b). Since E. chiltoni is water-breathing infauna, they
need to take up water in the sediments (Bally, 1983). In fact, even
around the distribution limit of E. chiltoni, there existed a certain
amount of water in the sediments, with corresponding degrees of
saturation Sr = 10 to 20% (Figs. 2a, 3b). The associated increase of
the suction, however, could hinder their uptake, namely, sucking, of
the porewater in the sediments, the continued occurrence of which
may lead to death. Indeed, this mechanism was supported by the
results of the suction-controlled laboratory experiments that were
performed targeting two different suctions, namely, 4 kPa and
6 kPa, around the distribution limit of E. chiltoni (Fig. 3b, Table 2a).
The results clearly demonstrated that E. chiltoni survived at s =
4 kPa, but died at s = 6 kPa. Hence, the suction-increase-induced
hindering of their physiological response associated with the
water-breathing process in the sediments may be responsible for
the observed distribution limit of E. chiltoni at s = 5 kPa (Fig. 3b).
T. brito inhabit the unsaturated sediments in the intertidal and
supratidal zones of the exposed sandy beaches (Figs. 2a, 3c). According-
ly, there were two distribution limits, as shown in Fig. 3c. One intertidal
limit at s = 3 kPa indicates that T. brito became absent with decreasing
suction, where the sediment hardness increased markedly as the
suction-dynamics-induced sediment compaction became more pro-
nounced, as the degree of saturation increased (Figs. 2, 3c). Such suction
dynamics effects were simulated and reproduced in the laboratory
according to the procedure described formerly in the Section 2.2.2.
The results clearly demonstrated that a suction of 2 kPa prevented the
burrowing of T. brito, whereas a suction of 4 kPa allowed them to bur-
row in the sediment due to the weaker effects of the suction dynamics
in the unsaturated states (Table 2b). Hence, the hindering of their
burrowing activity as induced by the stronger effects of the suction dy-
namics with increasing degree of saturation can explain the intertidal
distribution limit of T. brito at s = 3 kPa (Fig. 3c).
In contrast, in the distribution limit of the supratidal zone, the
sediments were distinctly loose and soft in their almost dry states
(Figs. 2, 3c). Under such situations, porewater is strictly adhered to
sand particles due to the strong suction, which indicates that the
sands have essentially no effective cohesion, and therefore may not
be capable of supporting burrows by themselves. To conﬁrm this,
ﬁeld tests were performed in which we inserted sticks with diameters
of 2–6 mm, which corresponded to the typical burrow diameters of
T. brito, pulled them out from the sediments, and then inspected
whether or not artiﬁcial “burrows” were formed. The ﬁeld test results
showed that the burrows immediately collapsed in the sediments
with s N 10 kPa, whereas the burrows remained at lower suctions.
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ments that were performed targeting two different suctions, namely,
9 kPa and 11 kPa, around the distribution limit of T. brito (Fig. 3c,
Table 2c), demonstrated that T. brito were able to form burrows at
s = 9 kPa but not at s = 11 kPa. Hence, the formation and stability
of burrows, as controlled by the magnitudes of suction, can account
for the observed distribution limit of T. brito in the supratidal zone
at s = 10 kPa (Fig. 3c).
The above-described three distinct suction-particular mechanisms
behind the distributions of H. japonicus, E. chiltoni, and T. britomay be
summarized as follows. The suction-dynamics-induced compaction
and increased hardness of intertidal sediments prevented burrowing
of H. japonicus and T. brito; an increase in suction hindered the phys-
iology leading to death of E. chiltoni; and the looseness and loss of
effective cohesion of supratidal sediments with excessive suction
hindered burrow formation by T. brito and destabilized the burrows.
Overall, the above results and discussion demonstrate that suction,
which governs the marked variations of the geophysical environment
of the sandy beach habitats, plays a pivotal role in determining the
distributions of the three amphipod and isopod species considered
here, H. japonicus, E. chiltoni, and T. brito. The cause and effects were
examined and veriﬁed. In fact, the results of the suction-controlled
laboratory experiments and ﬁeld tests proved to be consistent with
the observed distribution limits of the three species, revealing the
physically and physiologically based mechanisms behind their distri-
butions. Hence, such novel role of the suction-induced geophysical pro-
cesses in forming the habitat environment and inﬂuencing the species
distributions may advance our understanding of sandy beach ecology
in intertidal and supratidal zones.
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